A transposon based on the transposable element Minos from Drosophila hydei was introduced into the genome of Drosophila melanogaster using transformation mediated by the Minos transposase. The transposon carries a wild-type version of the white gene (w) of Orosophila inserted into the second exon of Minos. Transformation was obtained by injecting the transposon into preblastoderm embryos that were expressing transposase either from a Hsp7O-Minos fusion inserted into the genome via P-element-mediated transformation or from a coinjected plasmid carrying the Hsp7O-Minos fusion. Between 1% and 6% of the fertile injected individuals gave transformed progeny. Four of the insertions were cloned and the DNA sequences flanking the transposon ends were determined. The "empty" sites corresponding to three ofthe insertions were amplified from the recipient strain by PCR, cloned, and sequenced. In all cases, the transposon has inserted into a TA dinucleotide and has created the characteristic TA target site duplication. In the absence of transposase, the insertions were stable in the soma and the germ line. However, in the presence of the Hsp7O-Minos gene the Minos-w transposon excises, resulting in mosaic eyes and germ-line reversion to the white phenotype. Minos could be utilized as an alternative to existing systems for transposon tagging and enhancer trapping in Drosophila; it might also be of use as a germ-line transformation vector for non-Drosophila insects.
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Transposable elements have been used as vectors for stable germ-line transformation in Drosophila melanogaster. The mobile element P, present in some D. melanogaster populations, was the first element shown to insert into germ-line chromosomes in embryos (1) . Typically, P-element-mediated transformation is achieved by coinjecting into preblastoderm embryos a mixture of two plasmids: one expressing transposase but unable to transpose and one carrying a gene (or genes) of interest flanked by the inverted terminal repeats of the element. Transformants are detected among the progeny of the injected individuals through the expression of dominant phenotypes. Germ-line transformation has revolutionized Drosophila research through the introduction of powerful methodologies such as analysis of in vitro mutagenized genes, gene cloning by transposon tagging, and enhancer trapping.
Two other elements unrelated to P, hobo and mariner, have been shown to be able to transpose in the genome of D.
melanogaster. hobo is found in some but not all D. melanogaster populations and causes hybrid dysgenesis (2, 3) . Defective hobo elements containing foreign DNA can transpose into germline chromosomes from plasmids if coinjected into preblastoderm embryos along with a full-length element that can provide transposase (4) . mariner, an element found in Drosophila mauritiana but not in D. melanogaster, has been introduced into D. melanogaster and shown to induce in trans mobilization of a nonautonomous mariner element (5, 6) . Efforts to transfer the Drosophila germ-line transformation methodology to Diptera of economic or medical interest have been unsuccessful for reasons that are unclear. The D. melanogaster P-element has been used successfully in transformation of Drosophila hawaiiensis, but attempts to use P for germ-line transformation of non-Drosophila species have been unsuccessful (7, 8) . One possible approach would be to try in D. melanogaster transposable elements from other species, especially those distantly related to D. melanogaster. The most critical step in this approach is identification of fully active forms of the elements. Most transposable elements are found in two forms: inactive, or nonautonomous, and active, or autonomous. Nonautonomous elements are incapable of transposition in the absence of autonomous elements; they cannot catalyze transposition because they do not produce active transposase, although they contain the sequences needed for their own transposition. Usually, these elements are deletion derivatives of autonomous elements (8) (9) (10) (11) . The recent discovery of a large family of mariner-related elements that are widely dispersed in insects emphasized this problem; the majority of the elements that have been analyzed appear to be nonautonomous, producing no transposase (12, 13) .
The transposon Minos was discovered in the rDNA of Drosophila hydei (14) . It is -1.8 kbp with long (254 bp) inverted terminal repeats. The Minos element contains two nonoverlapping open reading frames separated by a putative intron and coding for a conceptual polypeptide that shows >40% sequence identity with the Tcl transposase of the nematode Caenorhabditis elegans (15 Drosophila (19) into the EcoRI site of the Minos-2 element in the pTZ18R vector (Pharmacia). The mini-white fragment was obtained from plasmid CaSpw-12, a gift from V. Pirrotta (University of Geneva).
Fly Strains and Germ-Line Transformation. Embryo injections were done essentially as described (1) . Embryo injections for P-element-mediated transformation were done essentially as described (1) using pur25.lwc as helper. Minos plasmids were injected by the same procedure, using pMiwl transposon DNA (400 ,ug/ml) and pHSS6hsMi2 helper (100 ,tg/ml). In some experiments, a 30-min heat shock at 37°C was delivered to the embryos 4-8 hr postinjection.
For construction of P-induced transformants containing the pPhsMi2 insert, the recipient strain was cn; ry506 and the injected (Go) flies were back-crossed to the same strain. ryI G1 progeny (the progeny of injected flies) were selected and characterized genetically, by DNA blotting, and by in situ hybridization to polytene chromosomes. For Minos transformation, injections were done in w strains, Go flies were back-crossed to ay w strain, and the GI progeny were screened for the appearance of non-white eye phenotype. Non-white G, flies were crossed into appropriate balancer stocks for isolation and characterization of the insertions. General DNA Manipulations, Sequencing, and PCR. General recombinant DNA procedures were carried out as described (20) . Genomic libraries were prepared in the AEMBL4 vector by Sau3A1 partial digestion as described (20) . Fulllength pMiwl insertions were isolated with the following probes: (i) the 4.1-kb EcoRI mini-white fragment from vector CaSpeR; (ii) the HindIll/EcoRI 914-bp (left end of Minos); and (iii) the EcoRI/Pac I 318-bp (right end) Minos fragments.
EcoRI fragments of the A clones containing one end of the transposon and the corresponding genomic flanks were subcloned in pBCKS(+) (Stratagene) and the ends of the inverted repeats plus flanking DNA were sequenced using primer 5'-TAATATAGTGTGTTAAACATTGCGCACTGC-3' (nt 1707-1736 of the Minos sequence). "Empty" sites were amplified by PCR Fig. 1 shows the structures of the transposase-producing and the transposon constructs used in this work. To express the Minos transposase in D. melanogaster, the presumed Minos promoter in the 5' inverted repeat was first replaced by the Hsp70 promoter of D. melanogaster; this promoter has been shown to be heat inducible in most tissues of embryos, larvae, and adults (21, 22) . Replacing one of the terminal repeats should also make the element transposition defective. The Hsp70-Minos fusion was then transferred into a P-element transformation vector and introduced into the D. melanogaster genome via P-induced germ-line transformation. Three independent transformants were recovered-one on the X chromosome and two on the 3rd chromosome. In these experiments, a single insertion at 87D [P{Hsp70:MilT}ry+}(87D)] was used, designated M67. Flies carrying the M67 chromosome produce high levels of correctly spliced Minos polyadenylylated RNA after a heat shock (16) .
The M67 chromosome carries a recessive lethal mutation, which might be associated with the insertion site. They w67C23; TM3 Sb Bds/ry P{Hsp70:MilT}ry+}(87D) strain (designated TM3/M67) was used as host for injections with the Minos-white transposon pMiwl. This transposon (Fig. 1) consists of a complete Minos element containing the w+ minigene (19) . In a parallel experiment, a plasmid containing the Hsp70-Minos fusion was coinjected with the pMiwl transposon into a y w67C23 strain that is not producing transposase. The injected Go flies were crossed individually to y w67C23; TM3 Sb BdS/D gl3 ory w67C23 flies and the progeny were screened for nonwhite eyes. Seven of the 329 fertile Go flies gave nonwhite eye progeny. Fig. 2 (Table 2 ). Fig. 3 shows Southern analyses of transformant DNA cut with Sal I and probed with the 4.1-kb mini-white gene fragment from pMiwl. Sal I should give an -0.9-kb fragment internal to the transposon, a >3.2-kb left-hand fusion fragment, and a >1.8-kb right-hand fusion fragment (Fig. 1) . In addition, the resident w67C23 gene should also give an '0.9-kb fragment from the middle of the gene, an -1.5-kb 3' fragment, and a >4.0-kb 5' fragment spanning the w67C23 breakpoint. The bands in Fig. 3 E28.91 (60E), E28.94 (63D) For each Go fly that gave transformed progeny, the rate of germ-line transformation was estimated as the proportion of progeny with nonwhite eye phenotype. Cytogenetic localizations of insertions in the established lines are shown in parentheses after the line names. *Line B13 was lost before being characterized by in situ hybridization.
lines. These sizes are consistent with a structure containing two pMiwl elements in tandem, separated by a complete copy of the pTZ18R vector plus D. hydei flanking sequences. This is supported by probing with pTZ18R, which labels the -6.5-kb band (data not shown). Tandem repeats of this kind might be generated by homologous recombination of two pMiwl plasmids in the embryo, followed by integration into the chromosome via the external inverted repeats of a duplex. Homologous recombination between plasmids has been hypothesized previously to account for integration of an unusual tetrameric P-element vector (24) .
Sequence Analysis of Minos Inserts. To determine the molecular basis of Minos integration events, we have cloned the insertions from four independent lines [A10.1, A10.2, B33.20 (=B33), C9.lB (=C9)] and sequenced the ends of the element and flanking DNA in these clones using a primer within the inverted repeat. The sequence in all clones contained the ends of the inverted terminal repeats of Minos flanked by a TA dinucleotide. After the TA, the sequences in each clone were different from each other and from the known D. hydei flanking sequences. The sequences are characterized by a high A+T content and show no significant similarity with any other sequence in the data bases. Fig. 4 shows a summary of this analysis.
That these sequences are from Drosophila was demonstrated by PCR amplification from the parental Drosophila strain, y w67C23, with primers derived from the flanks. This was done for three of the insertions, A10.1, A10.2, and B33. Amplification was obtained in all cases using y w67C23 DNA as template and 1 2 3 4 5 6 7 8 9 10 the resulting fragments showed the expected sizes for the empty sites-i.e., the distance between the two primers without the transposon. The amplified fragments were cloned and sequenced, and the sequences corresponded exactly to the expected empty target sites. Fig. 4 shows the sequences immediately flanking the ends of the element. As in D. hydei, the element has inserted at a TA dinucleotide, producing (most probably) a TA target site duplication. This shows that the insertions are transposase-dependent precise integrations of the transposon. No Minos ends and other elements of the Tcl family that have been described in D. melanogaster (25) .
Concluding Remarks. Together with P, hobo, and mariner, Minos is a fourth mobile element that can be used as a transformation vector in D. melanogaster. More importantly, Minos transposons may be suitable for development of germline transformation in other insect species where P does not work.
